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Synergetics or:
what are the basic principles
of self-organization in nature?
1. What is synergetics about?
When we look around at the world we live in, we
quickly realize that it is composed of a great variety of
structures, such as houses, cars, furniture, etc. These
structures have been designed by man and were real-
ized by him. But there are numerous other structures
which did not come into existence by the ideas or work
of man, but rather quite independently of him. The
animate world abounds with such «structures» in the
form of plants and animals. They are brought about
by self-organization, to use a modern term. The cen-
tral goal of synergetics can best be illustrated by biolo-
gy. All its organisms are composed of a great number
of components. A higher animal consists of billions of
individual cells. But these cells cooperate in a highly
organized fashion so as to produce, for instance, loco-
motion, movements, breathing, blood circulation, etc.
At a higher level, myriads of neurons in the brain co-
operate to bring about perception, movement coordi-
nation, etc. At a still higher level, in humans, the coop-
eration of neurons lies at the basis of our thoughts and
speech. What are the principles underlying these high-
ly cooperative effects? It is surprising that basic princi-
ples of self-organization in the animate world can al-
ready be found in the inanimate world, namely in
physics and chemistry. In these fields, structures can be
formed spontaneously by self-organization, provided
we are dealing with so-called open systems. These are
systems whose state is maintained by a continuous flux
of energy or matter into them. We shall provide a few
examples below. The principles that can be discovered
by means of these examples, e.g. lasers or fluids, can
be found again in important processes in the organic
world. In a last step then, quite in the sense of bionics,
one may try to apply these principles to technology.
2. The laser paradigm
Let us begin with an example of general principles in
the field of physics, namely the light source know as
laser.
A simple example of a laser is provided by a gas
laser. A glass tube is filled with a gas composed of at-
oms (fig. 1). At the end faces of the glass tube, two
mirrors are mounted. They serve to reflect light waves
running in axial direction so that they can interact
again and again with the atoms of the gas. An electric
current sent through the gas excites the individual at-
oms energetically. After an excitation, an individual
atom acts as a miniature radio antenna by emitting a
wave train of light (instead of a radio wave). If the
electric current is weak, only a small percentage of the
atoms becomes excited. Each of them emits an individ-
ual wave train which can be visualized as a water wave
caused by a pebble that we throw into the water. When
several atoms are excited, it is as if we are throwing a
handful of pebbles into water, and a wildly excited
water surface will emerge (fig. 2a). However, when we
increase the current, more and more atoms will be ex-
cited. Suddenly a new phenomenon occurs: namely,
instead of the many independent wave trains, a practi-
cally continuous giant wave emerges (fig. 2b). In other
words, the microscopic chaos of the original emission
of light is replaced by macroscopic order. How is this
achieved? As was shown by Einstein at the beginning
of this century, and excited atom may not only sponta-
neously emit a wave train, but it can also be forced by
a wave train impinging on it to give its energy to that
wave train so that the latter one is enhanced. When
several excited atoms are hit one after the other by a
wave train, quite evidently a light avalanche will be
generated. A subtle point must be considered, howev-
er. Namely, a particular wave train is more efficient to
force an atom to enhance the strength of this wave
train than are other wave trains. In this way, a competi-
tion between different avalanches occurs and one spe-
cific amplified wave wins the competition. Some kind
of Darwinism of the inanimate world is at work here.
Now the central concepts of synergetics enter. Once
a light wave has won the competition, it forces all the
atoms to deliver their energy to it. At the same time,
the electrons in the atoms are forced to oscillate in a
highly ordered fashion prescribed by the emerging
light wave. Thus, the light wave that evolves describes
both the order in the system and also gives orders to
the individual atoms, i.e. to the individual parts. This
is why we call this quantity the order parameter. At the
same time, we realize the existence of a circular causal-
ity (fig. 3). The order parameter «enslaves» the indi-
vidual atoms, whereas the individual atoms support
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the order parameter. The behavior of one part condi-
tions the behavior of the other. When we disturb the
order parameter light wave, it can return to its former
state only after a rather long period of time. The sub-
systems, namely the atoms, on the other hand, relax
very quickly after any perturbation. Order parameters
and enslaved subsystems are thus distinguished by dif-
ferent time scales of their individual adjustments. This
will be an important criterion for the applicability of
the concepts of order parameters and slaving.
As the mathematical theory reveals, the transition
of the microscopic state to the highly ordered state of
laser light can be described in the following way: the
order parameter behaves as if it is a ball moving in a
landscape. If the electric current is small enough, the
landscape has the form shown in figure 4. After each
emission of a light wave train, the ball will relax to-
wards its equilibrium value, i.e. the order parameter
relaxes to zero and shows only fluctuations around its
zero value. However, when the current exceeds a criti-
cal value, the landscape is deformed into that of figure
5, which apparently has two minima. (Actually, in the
laser case, the situation is still more complicated, but
for our purposes, it will be sufficient to treat the
present case.) Quite evidently, the former value «zero»
of the order parameter has become unstable and is re-
placed by two new stable equilibrium points at the bot-
toms of the valleys. Of course, the system can go only
to one of the two valleys, i.e. it has to break the sym-
metry. Now a very important but subtle point comes
into play, namely what causes the system to go to one
or the other valley? This is achieved by an initial spon-
taneous emission of a wave train which, according to
quantum theory, cannot be predicted. Thus, a chance
event at a microscopic level determines which course
the system will take on the macroscopic level.
Another phenomenon is of fundamental impor-
tance: when the current is increased from below to
above its critical value, the curve of figure 4 becomes
very flat close to the equilibrium point. The ball, how-
ever, is still subject to fluctuations. Because the restor-
ing force in such a flat potential is extremely small, the
ball will feel strongly the fluctuations to which it is
exposed. Its amplitude will oscillate strongly; we are
thus dealing with so-called critical fluctuations. When
the ball is pushed away from its equilibrium point, be-
cause of the very small restoring force, it will relax
very, very slowly to its equilibrium value. This phe-
nomenon is called critical slow-down.
When the electric current is increased more and
more, the previously established ordered light wave
may become unstable and may be replaced by other
phenomena, e.g. by regular light flashes or by so-called
deterministic chaos. In these cases, not only one but
several order parameters occur, and their interplay de-
termines the total behavior of the laser. This example
allows us to formulate the results of the abstract math-
ematical theory on self-organizing systems in the fol-
lowing way: a change of rather unspecific conditions,
namely in the laser case the power of the electric cur-
rent, may cause the system to undergo a qualitative
change on a macroscopic scale. In technical terms, the
old state, e.g. the microscopic chaotic state, becomes
unstable and is replaced by a new state, in our case,
the laser light state. At the instability point, one or sev-
eral order parameters occur. They enslave the individ-
ual parts of the system and thus create a specific struc-
ture within the system. At instability points, in general
the system has the choice of several possibilities; which
one is realized depends upon microscopic fluctuations.
In the transition region, critical slow-down and critical
fluctuations occur. These concepts and the correspond-
ing mathematical tools have been applied either to ex-
plain or to predict a variety of phenomena in physics,
such as structure formation in fluids.
3. Pattern formation in fluids
Under special conditions, fluids may produce a variety
of spatial or spatio-temporal patterns. A famous exam-
ple is the Bénard instability, where a fluid in a circular
vessel heated from below may spontaneously form
hexagonal cells (fig. 6). More recently it was found
that spirals will be formed by the fluid when in addi-
tion the walls are heated (fig. 7). A variety of patterns
can be formed in liquids or gases in spherical ge-
ometries as is witnessed by macroscopic patterns in the
earth atmosphere and of other planets. A model calcu-
lation is shown in figure 8. In all these cases it has
turned out that the patterns are governed by the coop-
eration or competition of specific order parameters.
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4. Biology: morphogenesis
Let us make a big jump to the animate world, namely
morphogenesis. Here a basic idea Turing has been
proven extremely useful. A fundamental question in
biology is: How do the cells receive the information on
how to differentiate? There are experiments that clear-
ly demonstrate that this information cannot be stored
only in the genetic code. For instance when hydra, a
little sea animal with a head and a foot, is cut through
its middle region, the head region may grow a foot and
the foot region may grow a head. In both cases, the
newly growing head or foot stem from the same previ-
ous region, i.e. the cells could not know in advance to
which later organs they have to develop. Thus they
must have received their information from their rela-
tive local position. Turing considered a simple model
of two cells in which the same metabolism was going
on. When he introduced a coupling via the exchange
of molecules however, then under specific conditions a
small fluctuation of concentration of the molecules
would cause the two cells to develop in a different
manner: in one cell, for instance, the concentration of
specific molecules will increase, in the other one de-
crease. If one assumes that the increasing concentra-
tion eventually switches on genes, one will have a mod-
el of cell-differentiation. These ideas were carried
further by Gierer and Meinhardt, who formulated re-
action-diffusion equations for activator and inhibitor
molecules to explain the polarity «head-foot» that is
developed in a fertilized egg. Using their basic equa-
tions and in addition the order parameter concept, for
the first time we could show that in this way one may
explain stripe patterns, e.g. on zebras or fish (fig. 9), or
circular patterns as found on the wings of butterflies.
All these structures are formed by the competition or
cooperation of order parameters.
5. Biology: the finger movement paradigm
Humans and higher animals are composed of billions
of cells of different types such as muscle cells, nerve
cells, tissue cells, and others. They have to cooperate
in a highly organized fashion, so as to produce mor-
phogenesis, locomotion, mouvements, feeling, heart
beat, and blood circulation, among others. Quite clear-
ly, such highly organized cooperation must occur at the
cognitive level also. What are the principles underlying
high coordination? An experiment done by Scott Kel-
so may serve as a fundamental paradigm. A few years
ago, Scott Kelso visited me and told me about the fol-
lowing experiment: he asked test persons to move their
fingers in parallel and then asked them to move their
fingers more and more quickly. Suddenly, the finger
movement changed quite involuntarily from the paral-
lel to the antiparallel, i.e. symmetric configuration (fig.
10). Quite clearly, what happens here is a qualitative
change of the behavior of a system on a macroscopic
level.
Can we apply the concepts of synergetics to this
experiment, and can we model its features? Quite
clearly, the relative position of the fingers or, in more
technical terms, the relative phase between the oscil-
lating fingers, suggests itself as the adequate order pa-
rameter. In the simple case of a single order parameter,
one may try to construct a landscape describing its
movement. Such a landscape can be easily devised by
simple arguments that I will not repeat here. The land-
scape has the form shown in figure 11 and undergoes a
series of slight deformations from the upper left to the
lower right corners when the speed of the finger move-
ment is increased. From the qualitative point of view, a
number of predictions can be made. Namely, when the
situation of the middle row, right-hand side of figure
11 is reached, the position corresponding to the paral-
lel finger movement becomes unstable; the ball will fall
down to the absolute minimum and stay there. This
corresponds to the symmetric finger movement. When
a person moves his or her fingers quickly in the sym-
metric mode, and then is asked to slow the finger
movement down, the ball will, of course, stay at the
absolute minimum. This prediction could easily be
checked by Kelso and verified. This is the effect of hys-
teresis that is well-known in physics. In such a case,
the state of a system depends on its past history. For
instance, when a ferromagnet is subjected to an exter-
nal magnetic field, the magnetization may become par-
allel to the magnetic field at a specific field strength.
When we reverse the field, the magnetization will
switch again, but at a different field strength than be-
fore. In other words, the ferromagnet has retained
some kind of memory of what happened to it previ-
ously.
As we have noted in section 2, close to the instabil-
ity point critical fluctuations and critical slow-down
must be expected. By careful measurements, Kelso
could show that the relative phase undergoes pro-
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nounced fluctuations in the transition region, and that
it can also show the phenomenon of critical slow-
down once the finger movement is disturbed. It has
often been argued that our brain is a computer which,
by specific programs, steers the motion of our extrem-
ities and our other functions. The picture we are draw-
ing here, however, is quite different. It strongly sug-
gests that a biological system is a self-organizing one
when it coordinates the movements of its extremities.
The concept of a computer program could not explain
how critical slow-down and critical fluctuations arise.
Rather, these features are typical for self-organizing
systems. A variety of experiments presently being un-
dertaken show that this interpretation of biological
coordination holds in many cases.
6. Pattern recognition by humans and machines
To illustrate the wide scope of synergetics, let us con-
sider the problem of pattern recognition by humans
and machines. Our approach to pattern recognition is
based on three ingredients: first, and in accordance
with the generally accepted belief, we identify pattern
recognition with the action of an associative memory.
An example for an associative memory is provided by
a telephone book. For instance when we look up the
name Adam Miller, the telephone book tells us, in ad-
dition to the name, his telephone number. Thus associ-
ative memory serves the completion of a set of data.
The second ingredient of our approach is the assump-
tion that the associative memory is realized by means
of a dynamics of order parameters within a landscape
in analogy to that of figure 5, where, however, we have
now to deal with many valleys. The third and most es-
sential ingredient of our approach is the idea that pat-
tern recognition is nothing but pattern formation (fig.
12). To this end let us consider a simple example from
fluid dynamics (compare fig. 13). Here we simulate the
behavior of a liquid that is heated from below so that
roll patterns may be formed. First an initial state in
form of a single up-welling roll is prescribed. Then ac-
cording to the computer calculations depicted by fig-
ure 13, left, a complete roll pattern evolves. If we pre-
scribe a different single initial roll, a correspondingly
completed roll pattern emerges (fig. 13, middle). Final-
ly, when we prescribe two up-welling rolls, one a little
bit stronger than the other one, a competition between
these two roll patterns sets in and the originally strong-
er roll pattern wins the competition. In terms of syner-
getics the following happens: the initially partially or-
dered state of the fluid gives rise to a set of order pa-
rameters. These order parameters compete, whereby
the originally largest one wins. It acts on the system by
the slaving principle and thus, eventually, forces the
whole system to go into its corresponding ordered
state. In more abstract terms we may say that a partial-
ly ordered system generates its corresponding order
parameters that react on the system and force the sys-
tem into the totally ordered state. Quite the same hap-
pens in pattern recognition. Once some features are
given, they generate the order parameters that force
the total system to complete all the features so that a
total pattern is reconstructed. For instance when we
prescribe, say, eyes and nose of a person, according to
this process the whole face will be reconstructed.
To describe our procedure more explicitly, let us
consider a set of faces that have been photographed
(fig. 14). In order to process these patterns on a com-
puter, we put a grid over the individual photographs
and attribute a grey value to each pixel. The grey val-
ues describe the stored pattern. We then store these
prototypes in the computer in a specific way. Then the
following task arises: when we offer the computer a
test pattern, for instance only eyes and nose, the com-
puter has to decide to which stored face this test pat-
tern belongs. To this end we devised a synergetic proc-
ess by which the test pattern is changed in the course
of time, so that it finally coincides with the prototype
pattern, to which it had been most similar. More pre-
cisely speaking, we attribute an order parameter to
each prototype pattern. Once a test pattern is shown
to the computer, a competition between the order pa-
rameters starts. The dynamics of the order parameters
is determined by so-called attention parameters and by
the initial values of the order parameters. As it turns
out, this dynamics can be visualized by a position of a
ball rolling down in a landscape (fig. 15). As a conse-
quence of this dynamics, in the course of time the orig-
inally given test pattern is pulled into one of the proto-
type patterns, which are represented by means of the
minima of the potential landscape that is depicted in
figure 15. An example of the completion process is giv-
en in figure 16. As it turns out, our procedure is very
sensitive and allows the computer to distinguish be-
tween facial expressions; examples are provided by fig-
ure 17. Our computer model lends itself to an inter-
pretation of processes going on in the brain during
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perception. As it appears, we perceive only parts of a
pattern, e.g. a face and then complement the lacking
parts from our memory. In this way, one might even
say that we reconstruct the real world because of some
cues and not because of a whole perceived pattern.
7. The role of attention.
Recognition of ambivalent patterns
By means of a slight modification, the computer can
also recognize faces that are shifted in their spatial po-
sition with respect to each other. When we show the
computer the scene of figure 18, it first recognizes the
lady in the foreground. Then the attention parameter
for the lady is put equal to zero, either from the out-
side or by the computer. When then the picture is
shown again to the computer, it recognizes the man in
the rear.
These findings lead one to the idea that human per-
ception is also strongly influenced by attention param-
eters. This point of view finds its support in psycho-
physical experiments on ambiguous figures, such as
figure 19. Here one may either recognize the young
woman looking into the rear left direction, or the old
woman looking in the right front direction. One is not
able to perceive both women at the same time, rather
an oscillation sets in where one recognizes for instance
first the young woman, then the old woman, then the
young woman, then the old woman, etc. Many dec-
ades ago, the Gestalt-psychologist Kòhler had pro-
posed that this process can be understood by assuming
that attention saturates. A mathematical model estab-
lished by Ditzinger and the author can explain a
number of detailed features found in these experi-
ments, for instance on the length of the duration dur-
ing which a perception is found. I believe that the role
of attention in the basic perception of our surrounding
is quite fundamental. We may think of duration times
or switching times that range from seconds or minutes
to perhaps many years. One may also speak of collec-
tive attention of social groups. After a while, its atten-
tion fades away and gives way to perceive other phe-
nomena. This may be even so in topics treated by
media. The famous journalist Walter Lippman coined
the word of stereotypes, i.e. specific themes that are, in
a way, coined, then multiplied by the mass media until
attention fades away and one stereotype is replaced by
a new one. Quite clearly, the psychological effect of
attention plays a basic role in design. We have to be
aware the fact that our way of looking at the world
changes continuously.
8. Concluding remarks:
from synergetics to design principles
Synergetics deals with processes that lead to the for-
mation of structures or to functions. Its main theme is
self-organization. How are structures or functions
brought about by these kinds of processes? As we have
seen above, the principles of synergetics may guide us
to devise new kinds of computers, e.g. the synergetic
computer. But we may go far beyond such applica-
tions, e.g. we may consider the design of cities. Cities
may be conceived as huge organisms with which they
indeed share quite a number of properties. They are
maintained by a continuous influx of energy (electrici-
ty) and by materials ranging from raw materials, such
as coal or oil, to highly structured ones, say cars or
equipment. They have to remove waste, they have traf-
fic lines like blood vessels, they have to perceive their
surrounding and they are perceived by them, they have
communication systems like a nervous system, etc. But
the central point is this: in nature all organisms are
brought about by self-organization. In cities, quite of-
ten we rely on detailed planning. How far can we ap-
ply the principles of self-organization to the planning
of cities? As we have seen in numerous examples treat-
ed here and elsewhere, self-organization relies on the
establishment of adequate order parameters which, in
turn, are indirectly steered by controls. So the funda-
mental question in designing cities will be: what are the
adequate constraints we have to introduce? There is a
whole repertoire of such constraints, e.g. road systems,
or the localization of schools or of shopping centers,
or the prices for the ground, etc. Another aspect is:
how do humans perceive their environment? We must
be fully aware of the fact that environment is not per-
ceived on objective grounds, rather a perception is
based on our previous experience, our attention, our
ambitions, our feelings. This leads us to a basic theme
in art work, especially in modern art. In previous
times, say, paintings aimed at reproducing objects in
an as objective as possible manner, like a photograph.
Modern art can be interpreted as aiming at self-organ-
ization of sensation in the observer. In modern art
quite often only some cues are given to the observer,
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who then by himself has to build up his own sensation
or perception. Again depending on the internal state
or attitude of the observer, quite different «objects»
may be created by him internally. I believe the field of
the application of the principles of self-organization to
design are wide open.
Let us conclude with a comment on the role of in-
novation as seen from the point of view of synergetics.
As we have seen again and again, in order to start self-
organization we need a trigger, quite often in form of a
chance event. But then a system must be in a state that
allows the system to amplify that chance event accord-
ing to rules. In other words, the system must be in an
instable state which allows for changes leading to new
states. Or, in more anthropomorphic terms, the system
must be ready to amplify that chance event. The same
holds, in my opinion, for innovations. They are pro-
duced by genuises in a way that can hardly be predict-
ed and can hardly be planned. It's a truly spontaneous
event. But a system must be able to amplify such an
innovation. The system must be ready. This may be the
tragedy of a number of innovators, be it in science,
technology, or art. Their surrounding was not mature
enough to accept their genius concepts. But, in my
opinion, a positive attitude can be trained at kinder-
garten and school. Be open to all sorts of new ideas!
Don't stick too much to your old ones! And: try to
start your own order parameter in form of new con-
cepts, ideas, constructions, art work.
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